Mifflin S, Cunningham JT, Toney GM. Neurogenic mechanisms underlying the rapid onset of sympathetic responses to intermittent hypoxia. J Appl Physiol 119: 1441-1448 , 2015 . First published May 21, 2015 doi:10.1152/japplphysiol.00198.2015 leads to metabolic abnormalities and cardiovascular dysfunction. Rodent models of nocturnal intermittent hypoxia (IH) are used to mimic arterial hypoxemias that occur during SA. This mini-review focuses on our work examining central nervous system (CNS) mechanisms whereby nocturnal IH results in increased sympathetic nerve discharge (SND) and hypertension (HTN) that persist throughout the 24-h diurnal period. Within the first 1-2 days of IH, arterial pressure (AP) increases even during non-IH periods of the day. Exposure to IH for 7 days biases nucleus tractus solitarius (NTS) neurons receiving arterial chemoreceptor inputs toward increased discharge, providing a substrate for persistent activation of sympathetic outflow. IH HTN is blunted by manipulations that reduce angiotensin II (ANG II) signaling within the forebrain lamina terminalis suggesting that central ANG II supports persistent IH HTN. Inhibition of the hypothalamic paraventricular nucleus (PVN) reduces ongoing SND and acutely lowers AP in IH-conditioned animals. These findings support a role for the PVN, which integrates information ascending from NTS and descending from the lamina terminalis, in sustaining IH HTN. In summary, our findings indicate that IH rapidly and persistently activates a central circuit that includes the NTS, forebrain lamina terminalis, and the PVN. Our working model holds that NTS neuromodulation increases transmission of arterial chemoreceptor inputs, increasing SND via connections with PVN and rostral ventrolateral medulla. Increased circulating ANG II sensed by the lamina terminalis generates yet another excitatory drive to PVN. Together with adaptations intrinsic to the PVN, these responses to IH support rapid onset neurogenic HTN. intermittent hypoxia; sympathetic nervous system; central nervous system ACCORDING TO A NATIONAL SLEEP FOUNDATION study, ϳ31% of men and 21% of women in the US are at risk of suffering from sleep apnea (SA) (24). Patients with SA almost invariably present with arterial hypertension (HTN), a major risk factor for acute life-threatening events such as myocardial infarction and stroke (16, 42, 45) . A definite cause-and-effect relationship exists between SA-associated HTN and associated cardiovascular events as treatment of SA reduces mean arterial pressure (MAP), sympathetic nerve discharge (SND), and incidents of cardiovascular mortality (4, 5, 34) . The etiology of the HTN is not fully understood as it is not feasible to study the onset of the disease in humans; however, available evidence points toward elevated SND as an underlying cause (36, 39). Our group has been investigating early onset neural mechanisms of SA-induced modulation of autonomic control that cause a persistent rise of SND and MAP using an animal model of the hypoxemia that accompanies SA. This model utilizes intermittent exposures to hypoxia during the nocturnal period as first described by the Fletcher laboratory (20, 21) .
ACCORDING TO A NATIONAL SLEEP FOUNDATION study, ϳ31% of men and 21% of women in the US are at risk of suffering from sleep apnea (SA) (24) . Patients with SA almost invariably present with arterial hypertension (HTN), a major risk factor for acute life-threatening events such as myocardial infarction and stroke (16, 42, 45) . A definite cause-and-effect relationship exists between SA-associated HTN and associated cardiovascular events as treatment of SA reduces mean arterial pressure (MAP), sympathetic nerve discharge (SND), and incidents of cardiovascular mortality (4, 5, 34) . The etiology of the HTN is not fully understood as it is not feasible to study the onset of the disease in humans; however, available evidence points toward elevated SND as an underlying cause (36, 39) . Our group has been investigating early onset neural mechanisms of SA-induced modulation of autonomic control that cause a persistent rise of SND and MAP using an animal model of the hypoxemia that accompanies SA. This model utilizes intermittent exposures to hypoxia during the nocturnal period as first described by the Fletcher laboratory (20, 21) .
HTN can be induced in rats by chronic exposures to intermittent hypoxia (IH). Of particular relevance is the observation that although patients with SA experience repetitive apnea-induced hypoxemias at night while asleep, their hypertension persists during periods of the day when they are awake and breathing normally. To mimic SA-associated hypoxemias, IH protocols typically expose animals to intermittent hypoxia for only 8 h each day. The significance of this model to human SA is that nocturnal exposures to IH induce a sustained HTN (Fig. 1 presented here and from Ref. 28 ) that persists during the remaining, 16-h non-IH exposure period of the diurnal period.
Our data, as well as those of others, indicate that, as observed in humans with SA (37, 38) , exposure to IH results in elevated SND and enhanced arterial chemoreflex sensitivity (20, 23, 25, 47, 49) . Furthermore, the IH-induced increase of MAP that occurs in rats is equivalent in magnitude to the fall of MAP observed when SA patients are treated with continuous positive airway pressure to eliminate nocturnal apneas (5, 34) . In addition to the deleterious effects of increased MAP, pathological consequences of chronically elevated SND are of critical importance. SA and elevated SND are associated with insulin resistance, hyperinsulinemia, dyslipidemias, activation of the renin-angiotensin system (RAS) activity, increased thrombosis, as well as vascular, cardiac, and renal end-organ dysfunction, damage, and remodeling (16, 43, 65) . Similar pathologies occur in rodents following exposures to IH independently of obesity or other comorbid conditions (9, 26, 35, 63) . We have utilized the IH model in rats to provide new insights that offer an initial explanation for the paradox posed by Kuniyoshi and Somers (31) , "why should a disorder occurring exclusively during sleep elicit sustained increases in blood pressure during wakefulness?"
Our work, as well as that of others, leads us to propose the following model for elevated SND and MAP induced by exposures to IH. In this model, arterial chemoreceptors activate neurons in the nucleus of the solitary tract (NTS) to increase SND and MAP. Elevated renal SND increases circulating ANG II, which acts on ANG II-responsive neurons within the forebrain lamina terminalis. Adaptations within NTS and lamina terminalis primarily act in a feed-forward manner and strengthen sympathoexcitatory drive. Excitatory drives from NTS and lamina terminalis converge within the hypothalamic paraventricular nucleus (PVN), which responds by undergoing an array of adaptations that enhance the signal relayed to sympathetic regulatory neurons in the brainstem and spinal cord.
Of special note is our observation that mechanisms capable of causing persistent sympathoexcitation following IH have a much more rapid onset than presumed. Indeed, we found that persistent increases of SND and MAP induced by IH occur within the first 1-2 days of exposure. This should perhaps not come as a surprise given evidence that increases of SND lasting for several hours can be induced in rats by brief, repeated exposures to hypoxia (17, 18) and in humans by voluntary breath-holding apneas (12, 13, 64 ). An additional point to emphasize is our finding that exposure of rats to IH is sufficient to model SA-HTN without the necessity of combining IH with hypercapnia (62) . This observation was originally reported by Fletcher and colleagues (2, 20, 21) and has since been confirmed in human studies using acute exposures to IH (13, 64) .
Elucidating the neural adaptations to IH is important because doing so will likely hold the key to understanding the hypertensive response and, hence, how to improve clinical treatment of SA-associated HTN. We identified several neuronal adaptions to IH that activate and sensitize sympathetic and neuroendocrine function even at times when animals are not experiencing hypoxia. These adaptations directly contribute to HTN in our model. A better understanding of the mechanisms responsible for these adaptations will expand our understanding of how the central nervous system (CNS) responds to IH and may eventually lead to the development of strategies to restore synaptic homeostasis and prevent/reverse neurogenic aspects of SA pathophysiology.
Consistent with other studies using longer duration exposures to IH, we found that after 7 days of IH rats had significantly increased hematocrit and MAP (58 tion of MAP in rats exposed to IH than control rats, indicating a greater contribution of SND in the support of MAP even at this early stage of IH HTN (58) . Our subsequent studies found that 7 days of IH induced expression of the neuronal plasticity-associated transcription factor FosB in central sites linked to chemoreflex regulation of SND. Prominent among these sites are caudal catecholaminergic (A2) and noncatecholaminergic neurons in the NTS, the rostral ventrolateral medulla (RVLM), and the PVN (28) . FosB immunoreactivity was also present in the forebrain lamina terminalis region, which consists of the subfornical organ (SFO), organum vasculum of the lamina terminalis (OVLT), as well as the median preoptic nucleus (MnPO).
The SFO and OVLT are circumventricular organs that project to the MnPO and these structures are critical for mediating responses to circulating ANG II, including thirst, salt appetite, pituitary release of vasopressin, and, importantly for our model, increased SND. The role of these structures in the regulation of SND is key to our interest because of the demonstrated role that ANG II plays in IH-induced HTN (19, 22) . This brief review will focus on our findings related to the role of three regions in the central nervous system that are proposed to play major roles in the sympathoexcitatory response to IH: the NTS, the lamina terminalis, and the PVN.
IH and NTS Catecholaminergic Neurons: Activation of CNS Stress Pathways
Our finding of FosB immunoreactivity in the A2 noradrenergic cell group after exposure to IH (28) was intriguing as A2 neurons play an important role in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis (52) and there is evidence for altered HPA axis function in SA patients (6 -8, 32) . We found that release of ACTH in response to a novel stress (restraint) was enhanced after a 7-day exposure to IH (33) . Rats killed after exposure to 35 days of IH had elevated plasma corticosterone (67) , further indicating that IH enhances HPA axis function. Recent studies indicate that in addition to its classically defined actions, corticosterone can act within the hindbrain to increase MAP (56) and potentiate the central actions of ANG II to increase MAP (55) . To directly assess the contribution of A2 neurons to the IH-induced increase of MAP, we injected an adeno-associated viral (AAV) vector into the caudal NTS that encoded an shRNA against the catecholamine synthetic enzyme tyrosine hydroxylase (TH). We found that TH knockdown in NTS reduced the IH-induced increase of MAP (3) indicating that the elevation of MAP is dependent on production of catecholamines by NTS neurons. Furthermore, knockdown of TH reduced the number of PVN, but not RVLM, neurons expressing FosB after a 7-day exposure to IH, indicating that the A2 input to PVN is activated during IH.
Using an in vitro brain slice preparation to analyze the effects of 7-day IH, we further found that NTS neuronal responses to exogenous application of the excitatory amino acid agonist ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) are enhanced, while responses to Nmethyl-D-aspartate (NMDA) are reduced (15) . Furthermore, IH exposure also increases the amplitude of glutamatergic miniature excitatory postsynaptic currents resulting from spontaneous release of L-glutamate (Q. Wu and S. Mifflin, unpublished observations). These observations may seem at odds with reports that the amplitude of evoked glutamater- gic excitatory postsynaptic currents is reduced in NTS following IH (27) . However, it has been suggested that IH reduces the number of active synapses in NTS neurons (1), which could explain the reduced amplitude of tractusevoked glutamatergic EPSCs in the face of increased postsynaptic sensitivity to L-glutamate.
During IH, NTS neurons not only receive glutamatergic inputs from arterial chemoreceptors but also are exposed to tissue hypoxia. We found that tissue hypoxia evoked an outward K ATP current in NTS neurons (66) . In many other central neurons, K ATP currents provide protection from hypoxic/ischemic injury by reducing neuronal excitability and hence metabolic demand for oxygen. IH exposure reduced K ATP current amplitude and expression of K ATP channel-associated proteins (66), effectively removing a "brake" on NTS neuronal excitability during hypoxia and promoting exaggerated discharge to a given level of excitatory input.
To summarize, available evidence indicates that IH induces adaptations in NTS neurons that promote increased discharge in response to glutamatergic inputs even in the face of local tissue hypoxia. These adaptations are proposed to be a major mechanism for persistently elevating SND and MAP during IH by enhancing arterial chemoreflexmediated sympathoexcitation.
IH and Lamina Terminalis Neurons: Activation of CNS ANG II Sympathoexcitatory Pathways
Early work by the Fletcher laboratory demonstrated that IH HTN was dependent on ANG II (19, 22) but did not determine if the ANG II dependence arose from central and/or peripheral sites of action. As previously discussed, exposure to IH significantly increases FosB immunoreactivity in the ANG II-sensing circuitry of the forebrain lamina terminalis, specifically the MnPO, SFO, and OVLT (28) . Inhibition of FosB in the MnPO using a virally generated dominant-negative construct significantly attenuated IH HTN, but this effect was selective to the sustained phase HTN that occurs during the normoxic dark cycle (11) . Inhibition of FosB in the MnPO also was associated with decreased FosB staining in the PVN and RVLM but not the NTS. There are several candidate genes in the MnPO that are FosB regulated. These include RAS genes encoding ACE1 and AT 1a receptors, which could contribute to IH HTN. Evidence supporting a role for CNS effects of ANG II was provided by showing that chronic intracerebroventricular infusions of the AT 1 receptor antagonist losartan blocked IH HTN during the normoxic dark cycle (30) . Consistent with our previous findings, the antihypertensive effect of losartan was associated with decreased FosB staining in MnPO, PVN, and RVLM. Based on these results, we have adopted an approach for site specific knockdown of the AT 1a receptor using shRNA encoding AAV vectors. As expected, knockdown of the ANG II AT 1a receptor in the SFO reduced drinking responses to subcutaneously administered ANG II. Moreover, it prevented the development of IH HTN during both the period of nocturnal IH and during the normoxic dark cycle (Fig. 2) (54) . Consistent with our earlier observations, FosB staining in the MnPO and PVN were also significantly reduced by AT 1a receptor knockdown in the SFO. Our results indicate that activation of the SFO-MnPO pathway during IH is responsible for FosBmediated changes in gene expression in MnPO that contribute to chronic activation of the PVN. This pathway appears to contribute to the sustained component of IH HTN during normoxia. The results also indicate that chronic activation of the NTS and the increases of MAP during hypoxic episodes are largely independent of the lamina terminalis.
IH and Hypothalamic PVN Neurons: Enhanced Basal Sympathetic Outflow and Reactivity
A brain region that integrates ascending information from the NTS and descending information from the lamina terminalis is the hypothalamic PVN (41). The PVN has been shown to participate in arterial chemoreflex sympathoexcitation (40, 51) and to augment cardiorespiratory outflow via projections to the RVLM after exposure to IH (48) . These observations together with evidence that infusion of the ANG II AT 1a receptor antagonist losartan into the PVN reduces IH HTN (14) chemoreceptor and ANG II-sensitive inputs from the NTS and MnPO, respectively. As a critical first step, we established that PVN neuronal activity is essential to maintain IH HTN (58) . This was accomplished by inhibiting PVN neurons with the GABA A receptor agonist muscimol, which caused greater reductions of lumbar SND and MAP in IH rats than in normoxic controls. We concluded that neurogenic mechanisms are activated early in the development of IH HTN such that elevated MAP relies on increased sympathetic tonus and ongoing PVN neuronal activity. We next determined the role of glutamatergic transmission in PVN-driven support of IH HTN. Whereas AMPA receptor blockade had no effect in normoxic or IH-exposed rats, NMDA receptor blockade reduced SND and MAP only in IH rats (Fig. 3) (G. M. Toney, unpublished observations) . Thus 7-day IH increases functional NMDA receptor tone in the PVN to maintain IH HTN. Greater in vivo NMDA receptor tonus could reflect greater synaptic L-glutamate release, reduced L-glutamate clearance increased postsynaptic L-glutamate responsiveness and/or greater PVN neuronal excitability. Functional studies indicate that IH does not change intrinsic excitability of identified presympathetic PVN neurons (Q. H. Chen and G. M. Toney, unpublished observations) but does increase SND responses to PVN microinjections of NMDA and to physiological stimuli (e.g., increases in central hypertonicity) that drive glutamatergic inputs to PVN as discussed in the following section. Together, these findings indicate that synaptic, not intrinsic, adaptations account for early onset PVN activation by IH. Of note is that this conclusion is consistent with evidence that PVN neurons in mice exposed to IH for 35 days show signs of increased glutamatergic NMDA receptor turnover along with reduced NMDA-stimulated production of inhibitory nitric oxide (10) .
IH Enhances Responses to Homotypic and Heterotypic Stressors
Early work demonstrated that exposure to IH facilitates the MAP response to a brief exposure to hypoxia (20, 23) as observed in SA patients (37, 38, 61) . Hence, IH enhances circuit responses to homotypic stress (i.e., hypoxia). We were therefore also interested in determining if IH would enhance responses to heterotypic stressors such as restraint stress and CNS hyperosmolality. We found that the ACTH response to a 30-min period of restraint stress was significantly increased in duration following a 7-day exposure to IH (33) . Because IH activates brain regions controlling body fluid homeostasis such as the lamina terminalis and PVN, the effects of internal carotid artery injection of hypertonic saline were tested and determined to increase lumbar SND more in IH-exposed rats than normoxic controls (58) . Increased sensitivity to homotypic stress (acute hypoxia) and heterotypic stress (restraint, hypertonicity) in IH-exposed rats suggests that early neuroadaptations among hypoxia sensitive as well as body fluid regulatory neurons could contribute to the initiation of IH HTN.
Model of Central Sites & Mechanisms Mediating IH Hypertension

Sympathoexcitatory Neuroadaptations to IH and Metabolic Syndrome Do Not Interact
Since obesity and metabolic syndrome have been linked to SA and to neurogenic HTN, and because SA adversely affects aerobic exercise capacity (50, 53) , we tested the hypothesis that obese rats selectively bred for low aerobic capacity running (LCR) have a greater hypertensive response to IH than lean rats bred for high aerobic capacity running (HCR) (57) . First, we compared the contribution of SND to the maintenance of resting MAP using blockade of ganglionic transmission. Despite data indicating that LCR rats were less active and had greater body weight than HCR rats, resting MAP, the contribution of SND to maintenance of MAP, and the hypertensive response to IH were all similar between strains. The contribution of PVN neuronal activity to maintenance of SND and HTN following IH was also compared, and we unexpectedly found that lean HCR rats, not obese LCR rats, showed greater reductions of MAP in response to PVN inhibition. Because LCR-HCR rats are a model metabolic syndrome and not of obesity per se, it is important to stress that greater PVN activation by IH in lean HCR rats might reflect their higher metabolic rate. If so, IH-induced neurogenic HTN in the LCR-HCR model might not be predictive of IH-obesity interactions. Nevertheless, our findings raise the possibility that having low aerobic capacity does not increase vulnerability to sympathoexcitation or neurogenic HTN induced by IH or possibly by SA.
Summary
In sum, exposure to nocturnal IH rapidly induces neuroadaptations at multiple sites in the arterial chemoreflex pathway, from the receptor itself (47, 49) , to the central sites that integrate the afferent input (NTS), to the central sites mediating and modulating sympathetic outflow (PVN, RVLM) and in the central circuitry involved in sensing and responding to changes in circulating angiotensin II (lamina terminalis). Collectively these functional alterations contribute to persistently elevated SND. The temporal sequencing and time course of adaptations within specific sites is an area worthy of further investigation. Our working model (Fig. 4) holds that NTS neuromodulation increases transmission of arterial chemoreceptor inputs, increasing SND via connections with PVN and RVLM. Increased circulating ANG II sensed by the lamina terminalis generates yet another rapid-onset excitatory drive to PVN and together these adaptations during IH support rapid onset neurogenic HTN. There is evidence that at least some component of the increased SND induced by IH correlates with enhanced expiratory activity (68) . The drive to the appropriate respiratory neurons could arise from enhanced discharge of NTS neurons receiving arterial chemoreceptor inputs. While beyond the scope of this review, IH exposure has been documented to alter end-organ and vascular function (44, 46, 59, 60) .
Our model of the central pathways involved in the neurohumoral responses to IH proposes that IH HTN is initiated by hypoxic activation of arterial chemoreceptors, activating NTS neurons that project to the PVN and RVLM to increase sympathetic outflow. Increased sympathetic drive to the kidneys leads to increased circulating ANG II, which acts in the lamina terminalis to further augment the discharge of sympathoexcitatory neurons in the PVN. Intermittent hypoxia also sensitizes the HPA axis, which results in increased circulating corticosterone, which may, via a yet undefined mechanisms, contribute to sympathoexcitation. The repetitive, cyclical nature of IH results in persistent and chronic activation of sympathoexcitatory systems. The chronic sympathoexcitation, in concert with alterations at the level of the vasculature, results in persistently elevated blood pressure.
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